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Summary. The present investigation demonstrates that 
callosotomy patient J.W. can generate either leftward or 
rightward saccades in response to color cues presented 
unilaterally. When asked to name the colors, performance 
was at chance for left visual field presentations, demon- 
strating a disability in interhemispheric transfer of chro- 
matic information. The successful control of saccadic 
direction based on discriminative color cues that appear 
confined to a single hemisphere may suggest a capacity for 
bidirectional control of saccadic eye movements in the 
disconnected cerebral hemispheres. 
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Introduction 
Electrical stimulation (e.g. Robinson 1972; Robinson and 
Fuchs 1969) and recording studies (e.g. Bizzi and Schiller 
1970; Bruce and Goldberg 1984; Sparks and Pollack 1977; 
Wurtz and Albano 1980) reveal that cortical and collicular 
components of the saccadic system are organized to direct 
saccades contralaterally. In virtually all systems studied 
thus far, including the superior colliculus [SC], and 
frontal eye fields [FEF] ,  electrical microstimulation serves 
to elicit saccades that are directed into the contralateral 
visual field. Recordings of presaccadic activity of single 
neurons corroborate the general finding of contralateral 
control. The lone exception appears to be the supple- 
mentary eye fields (e.g., Schlag and Schlag-Rey 1987; 
Schall 1991a, b), where ipsilaterally directed saccades are 
occasionally elicited. 
Contralateral saccadic control is compatible with the 
contralateral projection of each visual hemifield onto the 
cerebral hemispheres and superior colliculus. It is curious 
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then to find suggestions that the cerebral hemispheres of 
humans can direct saccades into either the contralateral or 
the ipsilateral visual fields. These suggestions derive from 
observations on hemispherectomy patients and calloso- 
tomy patients. Reports indicate that human hemispherec- 
tomy patients can generate saccades into their blind 
hemifield (Sharpe et al. 1979; Troost et al. 1972). In some 
conditions, these saccades were apparently visually elic- 
ited whereas in others the patients could generate saccades 
directed contralaterally to the excised hemisphere on 
request. While saccades elicited by visual stimuli presented 
in the cortically blind hemifield might be attributed to 
subcortical structures such as the superior colliculus (e.g., 
Poppel et al. 1973), voluntary saccades are not so readily 
interpreted. Indeed, Troost  et al. (1972) conclude that 
these saccades were actually generated cortically by the 
intact cerebral hemisphere. We will refer to such ipsilater- 
ally directed saccades as ipsiversive saccades, and will refer 
to the more typical contralaterally directed saccades as 
contraversive saccades. We point out here that we use the 
terms "ipsiversive" and "contraversive" to indicate the 
hemisphere that putatively initiates the saccade. 
Holtzman's (1984) observations on saccadic per- 
formance in callosotomy patients are also relevant to the 
possibility of ipsiversive saccadic control. Two patients 
were required to direct their gaze to a particular cell in a 
2 x 2 matrix presented in the left visual field (LVF) based 
on spatial information presented in the right visual field 
(RVF). Based on the findings that 1) the accuracy of these 
saccades was greater than chance and 2) one patient was 
able to compare and verbally report the relative vertical 
alignment of the lateralized matrices, Holtzman argued 
that performance on this task was mediated by a weak 
representation of the ipsilateral visual field in each hemi- 
sphere. Further experiments suggested that only very 
crude spatial information may be available in this ipsilat- 
eral representation. Thus, Holtzman suggested that it is 
not the control of saccades which is bilateral, but the 
representation of visual space. 
The aim of the present investigation was to determine 
whether the separated hemispheres in callosotomy patient 
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J.W. can demonst ra te  bidirect ional  control  of saccadic eye 
movements  in response to visual informat ion  that  is 
apparent ly  confined to a single hemisphere. The experi- 
ment  compared  performance on two tasks which utilized 
the same st imulus condit ions,  bu t  varied the response 
requirements.  A red, green or yellow L E D  was presented 
unilaterally.  In  one task the subject was required to name 
the color. Since the right hemisphere of J.W. canno t  
control  speech, we expected identif ication accuracy for 
LVF trials to approach chance, demons t ra t ing  the in- 
abili ty to transfer chromat ic  in format ion  to the left hemi- 
sphere speech centers. In  the second task, J.W. was in- 
structed to generate saccades either towards the light, 
away from it, or to refrain from responding,  depending  
upon  the color of the cue. We refer to saccades directed 
toward the cue as refixation saccades and  those directed 
away from the cue as anti-saccades. 1 
An ability to generate anti-saccades is no t  readily 
interpreted in terms of direct collicular control  since the 
close coupl ing of the sensory and moto r  fields in the SC is 
opt imally designed to control  foveation of eccentric tar- 
gets (e.g., Wur tz  and  Albano  1980). Fur thermore ,  using 
chromat ic  cues to indicate saccade direct ion presumably  
minimizes the con t r ibu t ion  of the superior colliculus with 
respect to the visual processing of the cue, since color- 
opponen t  retinal gangl ion cells do not  project to the SC, at 
least in the macaque  (cf., Schiller and  Malpeli  1977) and  
there is, at present, no evidence for co lo r -opponen t  re- 
sponses in the SC (e.g. Marrocco and  Li 1977; Ottes, Van  
Gisbergen and  Eggermont  1987). Thus,  an ability to 
generate both leftward and  r ightward saccades based on 
discriminative cues that  are not  transferred between the 
hemispheres (as indicated by poor  naming  accuracy for 
LVF targets) would suggest bidirect ional  saccadic control  
by the separated cerebral hemispheres. 
Methods and procedure 
Subjects 
Callosotomy patient, J.W., served as the subject 2. He had undergone 
complete section of the corpus callosum 10 years previously. The 
completeness of this section has been confirmed using nuclear 
magnetic resonance scans (Gazzaniga et al. 1985). Two of the authors 
(HCH & PRL) served as control observers in the saccade task. 
Apparatus 
Red and green signals were produced by bicolor LEDs positioned on 
the horizontal meridian at an eccentricity of 7.0 ~ to the right or left of 
1 The terms "refixation saccade" and "anti-saccade" will therefore be 
used simply to describe the direction of the saccade relative to the 
location of the target, whereas the terms "ipsiversive" and "contra- 
versive" will be used to refer to direction of a saccade relative to the 
hemisphere which presumably initiates the movement 
2 A second callosotomy patient (VP) also participated in this experi- 
ment and produced essentially the same results. However, since VP is 
known to have some sparing in the splenium of her corpus callosum, 
we report only the results of JW 
a white fixation light. Two yellow LEDs (also at an eccentricity of 
7.0 ~ ) were used to produce the yellow cues since the yellow produced 
by red-green flicker of the bicolor LED was not sufficiently saturated. 
The yellow and bicolor LEDs were optically superimposed using 
beam splitters. Their relative intensities were matched using hetero- 
chromatic flicker photometry by two observers (HCH & PRL). The 
matches produced by each of these observers were in close agree- 
ment, and slight differences between observers were reconciled by 
using average values. 
Eye movements were recorded using an infrared scleral reflection 
device (Narco BioSystems TM Model 200). The subject viewed the 
stimulus display at a distance of 57 cm. Head movements were 
minimized using a chin rest/head holder assembly. The experiment 
was controlled by a laboratory microcomputer. Eye position was 
digitized (100 Hz) from 300 ms before to 2200 ms after the pre- 
sentation of the "saccade direction" cue. Eye records were analyzed 
off-line to determine the latency, direction and magnitude of the 
saccades. Saccades were detected using a velocity criterion (> 50~ 
Amplitude and direction were computed on the basis of calibration 
procedures performed prior to each experimental run in which the 
observer repeatedly foveated the fixation point and each of the 
peripheral stimuli. The performance of the data analysis algorithms 
was monitored by the experimenters to insure accuracy (eye blink 
rejection, etc.). 
Procedures 
J.W. participated in a color identification task and in a cued saccade 
task. The color identification task was used to determine whether or 
not the visual cues used in the saccade task could be transferred 
between the hemispheres. The cue was either a red, green or yellow 
LED and the subject was instructed to name the color as rapidly as 
possible. The signals were presented randomly to the right and left 
visual fields for 150 ms, and eye position was monitored in order to 
insure that the subject's gaze was directed towards the central 
fixation point during each presentation of the cue. 
The saccade task utilized the same stimulus conditions but 
required the observer to generate a saccade in a direction determined 
by the color of the eccentric LED. The subject was instructed to 
direct a saccade to the peripheral cue when it was green (refixation 
saccade condition), but to saccade in the opposite direction when it 
was red (anti-saccade condition). Yellow targets were presented on 
catch trials and indicated that responses should be withheld. The 
instructions emphasized both speed and accuracy. 
The experiment was performed under conditions of low-level 
background illumination. Two practice sessions were given for the 
color naming task and three for the saccade task. J.W. participated in 
two experimental sessions for each task. The control observers 
participated in one practice and two experimental sessions for the 
saccade task. Each session consisted of 78 trials. The three colors 
were presented with equal frequency in both the left and right visual 
fields. The order of stimulus presentations was randomized. The 
color naming task preceded the saccade task. In order to minimize 
the possibility of cross-cueing (i.e., interhemispheric "communi- 
cation" strategies that rely on "indirect" interactions between the 
hands and/or feet), J.W. was required to keep his hands and feet well 
separated. 
Results 
Color naming versus saccade accuracy 
J.W.'s verbal report  accuracy for chromatic  cues presented 
in the right visual field was 100%. W h e n  the same cues 
were presented in the left visual field, naming  accuracy was 
34%, which is chance performance. In  contrast  to his 
verbal color naming  performance, J.W.'s performance on 
the saccade task for cues presented in either visual field 
was well above the chance level of 33.3%. These data are 
presented in Table 1. Analysis of the errors revealed the 
following patterns. All false alarms which occurred in 
response to "no-go" cues presented to the right visual field 
were refixation saccades (mean latency=477_+ 192 ms), 
whereas 86% of the false alarms occurring in response to 
"no-go" cues presented to the left visual field were anti- 
saccades (mean la tency= 535 + 62 ms). This pattern may 
indicate that the false alarms were generated primarily by 
the left hemisphere, but other interpretations may also be 
viable. Errors of omission were never observed: that is, all 
the errors that occurred on "go" trials were direction 
errors (refixation saccades when anti-saccades were re- 
quired and anti-saccades when refixation saccades were 
required). 
As might be expected, normal  control subjects were 
more accurate with respect to saccade direction (95% for 
refixation saccades, 94% for anti-saccades, 94% for no 
response trials). 
Saccade latency and magnitudes: Comparisons with controls 
The average saccade latencies for J.W. and the control 
observers are presented in Table 2. There were no in- 
stances of anticipatory saccades (i.e., 200 < ms). The data 
base therefore includes all saccades occurring within the 
Table 1. Proportion correct saccadic responses 
Cued direction 
Cue location Left Right No-go 
Left visual field 0.80 0.83 0.67 
Right visual field 0.73 0.75 0.65 
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2.2 s sampling interval. Although the saccade latencies for 
the normal observers were shorter than J.W.'s latencies, 
the difference between the latencies of refixation and anti- 
saccade were similar across the 3 observers (t7r < 1). The 
reasonably short latencies of J.W.'s saccades presumably 
minimizes the possibility that he resorted to cross-cueing 
strategies while performing the task. That  is, the fact that 
J.W.'s anti-saccades were generally only about  160ms 
slower than the control subjects appears to leave little time 
for the sort of "indirect communicat ion" between the 
hemispheres alluded to earlier (see Methods). 
The average magnitudes of both anti-saccades and 
refixation saccades in J.W. and the 2 control observers are 
also presented in Table 2. While terminal eye position of 
control subjects was generally more accurate with respect 
to the designated saccade magnitude, the pattern of J.W.'s 
errors was clearly not random. A representative sample of 
J.W,'s saccades is presented in Fig. 1. J.W. tended to 
undershoot the actual target location when generating 
contraversive saccades, but his ipsiversive saccades tended 
to overshoot the 7.0 ~ destination. This pattern was not 
apparent  in the control data and we note that such 
overshoot of anti-saccades would have the effect of bring- 
ing the foveated target into the visual field of the ipsilateral 
hemisphere. Saccadic overshoot might therefore represent 
a strategy for distributing parafoveal information to both 
visual fields in the callosotomized human. 
Discussion 
The essential finding of this report is that peripheral cues 
could reliably determine the direction of the saccades in 
the apparent  absence of interhemispheric transfer of 
chromatic information. The present saccade task involves 
an arbitrary mapping of eccentric color cues to saccade 
direction. The cue color must be identified before saccade 
Table 2. Average latencies and magni- 
tudes of saccades generated toward 
versus away from the eccentric cue 
J. W. Controls 
Cue location: Left visual field 
Refixation Anti- Refixation Anti- 
saccades saccades saccades saccades 
Latency (ms) 
mean 570 698 557 619 
s.d. 137 355 88.3 135 
Magnitude (deg.) 
mean 5.89 8.99 6.63 6.95 
s.d. 1.59 2.13 2.53 1.38 
Cue location: Right visual field 
Refixation Anti- Refixation Anti- 
saccades saccades saccades saccades 
Latency (ms) 
mean 737 834 525 594 
s.d. 361 400 83 109 
Magnitude (deg.) 
mean 6.4 8.97 7.3 4.9 
s.d. 2.03 2.75 1.53 2.17 
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T o p o l o g y  of  s a c c a d e s  : J W  
7 ~ 
f i x  ~--~ 
7 ~ 
Ref ixat ion-  
' saccades 
A n t i -  s a c c a d e s  
2 0 0 m s  
Fig. 1. Representative saccade traces from patient J.W. illustrating 
the tendency to overshoot the target destination in the case of 
ipsiversive saccades 
direction can be determined. We assume therefore that 
performance is likely to depend on cortical processes. 
Given this assumption, the critical issue becomes whether 
saccadic responses can be attributed to the hemisphere 
that receives the cue or whether performance depends on 
some form of interhemispheric transfer. 
For example, it is possible that chromatic information 
can transfer between the hemispheres, but in the absence of 
the corpus callosum, remains unavailable for verbal re- 
port. A second, related suggestion might be that a com- 
mand to make a saccade can be transferred between the 
hemispheres. In this case, when a hemisphere receives the 
cue requiring an anti-saccade it signals the opposite 
hemisphere to generate the saccade. According to both of 
these accounts, all saccades are contraversive, and the 
present data reflect some form of extra-callosal transfer 
rather than ipsiversive saccadic control. The gross hyper- 
metria evident only in J.W.'s anti-saccades suggests, how- 
ever, that they are generated differently from his refixation 
saccades, which we presume are contralaterally controlled. 
Hypermetria followed by a glissade back to the target 
location is the type of response displayed by hemispherec- 
tomy patients. The topology of J.W.'s anti-saccades, thus, 
resembles that found in other cases where saccades are 
presumably generated by the ipsilateral cortical hemi- 
sphere (Troost et al. 1972). 
We think accounts based on extra-callosal transfer are 
unlikely given the large body of experimental data indica- 
ting the absence of transfer in patient J.W. The absence of 
transfer is corroborated by a variety of direct behavioral 
measures including verbal report and same/different 
judgements, as well as more implicit measures such as 
priming and oculomotor performance (Gazzaniga 1987; 
Gazzaniga et al. 1987; Reuter-Lorenz and Baynes, in press). 
Furthermore, interpretations based on transfer cannot 
account for the bidirectional control of voluntary saccades 
by hemispherectomy patients (e.g. Sharpe et al. 1979). We 
therefore favor interpreting the present findings in terms of 
the ability of a single hemisphere to generate commands 
for both ipsiversive and contraversive saccades. 
How might a hemisphere generate saccades directed to 
the ipsilateral visual field? One possibility is suggested by 
reports that stimulation of the supplementary eye fields 
(SEF) can occasionally elicit ipsiversive saccades (e.g. 
Schlag and Schlag-Rey 1987). Secondly, there is evidence 
that the frontal eye fields (FEF) play an important role in 
generating saccades away from an eccentric target, since 
patients with excisions involving the FEF (with possible 
involvement of SEF) are particularly impaired on tasks 
which require saccade vectors that are opposite that 
required to foveate peripherally presented targets (Guitton 
et al. 1985). Thus, one possibility is that either the SEF or 
the FEF in the hemisphere contralateral to the color cue 
participates in generating both contraversive and ipsiver- 
sive saccades, at least in the case of patient J.W. 
We recognize that this suggestion is at variance with a 
large body of stimulation and recording studies which 
indicate that the FEF generates only contraversive sacca- 
des (see Introduction). However, a review of the anatomy 
of the efferent projections of the FEF indicates that several 
established pathways might allow the FEF to execute 
ipsiversive saccades. First, the primate FEF projects to the 
contralateral as well as the ipsilateral superior colliculus 3 
(Distel and Fries 1982; Leichnetz et al. 1981). Second, the 
direct projections from the FEF to the ipsilateral para- 
median pontine reticular formation (Huerta et al. 1986; 
Leichnetz et al. 1984) might control ipsiversive saccades, 
since brainstem neurons control ipsilaterally directed sac- 
cades (e.g., Fuchs et al. 1985). Another alternative might 
involve bilateral FEF projections to the nucleus reticularis 
tegmenti pontis (nRTP; Huerta et al. 1986; Leichnetz et al. 
1984), which in turn project to the vermis of the cer- 
ebellum. Both nRTP and its efferent targets within the 
cerebellum have been shown to contain neurons which 
discharge in relation to saccades (Keller and Crandall 
1981; Ron and Robinson 1973). 
We also recognize the possibility that the putative 
ipsilateral control suggested here could represent a reor- 
ganization of oculomotor control which might follow 
commisurotomy rather than a demonstration of func- 
tional pathways that ordinarily exist in the normal brain. 
However, clinical examination of commissurotomy pa- 
tients, including those with anterior commissural section, 
provides no indication of oculomotor disturbance in the 
acute post-operative phase (e.g. Bogen and Vogel 1962). 
The ability of these patients to saccade to the right or left 
to verbal commands, while being unable to follow verbal 
3 These bilateral projections emphasize the possibility that while 
saccades might always be generated by the contralateral superior 
colliculus, they could be initiated by commands from the ipsilateral 
cerebral hemisphere. This we would still regard as a case of ipsiver- 
sire saccadic control 
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c o m m a n d s  which require par t ic ipat ion of the right hemi- 
sphere, provides anecdotal  suppor t  that  the left hemi- 
sphere can exert bidirect ional  control  of saccades soon 
after surgery. The present  invest igat ion provides formal 
and  quant i ta t ive  evidence for a s trong dissociat ion be- 
tween s tandard  measures of inter-hemispheric  transfer of 
color in format ion  and  the use of that  same color informa-  
t ion to control  saccadic direction. While other interpreta-  
t ions remain  possible, we suggest that  some form of 
bidirect ional  control  of saccade vectors represents the 
most  pars imonius  explana t ion  of the current ly  available 
evidence. 
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